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(54) Tunable all-pass optical filters with large free spectral ranges 



(57) In accordance with the invention, a tunable op- 
tical all-pass filter comprises a substrate-supported mul- 
tilayer waveguiding structure comprising a first layer in- 
cluding a waveguiding optical ring resonator, a second 
layer for spacing, and a third layer including a curved 
waveguide. The curved waveguide is optically coupled 
to the resonator by two spaced apart optical couplers 
extending through the spacing layer, and tunability is 
provided by a first phase-shifter to control the optical 



pathlength of the resonator and a second phase-shifter 
operative on the waveguide to control the strength of 
coupling between the waveguide and the resonator. In 
one embodiment, the waveguide and the resonator are 
horizontally spaced apart in the non-coupling regions to 
provide optical isolation. In another, the waveguide and 
resonator can overlap horizontally, but the spacer layer 
is thicker in the non-coupling regions to provide optical 
isolation. 
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Description 

FIELD OF THE INVENTION 

[0001] This invention relates to optical filters and, in 5 
particular, to tunable all-pass optical filters. 

BACKGROUND OF THE INVENTION 

[0002] Optical fiber communication systems are be- 
ginning to achieve great potential for the rapid transmis- 
sion of vast amounts of information. In essence, an op- 
tical fiber system comprises a light source, a modulator 
for impressing information on the light, and optical fiber 
transmission line for carrying the optical signals and a 
receiver for detecting the signals and demodulating the 
information they carry. Increasingly the optical signals 
are wavelength division multiplexed signals (WDM sig- 
nals) comprising a plurality of distinct wavelength signal 
channels. 

[0003] Dispersion compensating devices are impor- 
tant components of optical communication systems. 
Chromatic dispersion occurs when signal components 
of different wavelengths are subject to different propa- 
gation delays. Such dispersion can distort a transmitted 
pulse and deteriorate the information content of a signal 
channel. Dispersion compensating devices equalize the 
propagation delays among the different wavelength 
components and maintain the quality of the transmitted 
information. 

[0004] All-pass filters are useful in optical communi- 
cation systems. An all-pass filter (APF) substantially 
equalizes phases among the different wavelength com- 
ponents of a signal with minimal modification of the am- 
plitude response. Accordingly an APF is highly useful in 
compensating chromatic dispersion. APFs are also use- 
ful in wavelength-dependent delay lines and in more 
complex filters. 

[0005] Tunability is an important functionality in all- 
pass filters. Conditions in an optical communication sys- 
tem can change as channels are added, dropped and 
rerouted among branches. Consequently filters need to 
be tunable so that they can be adapted to changing con- 
ditions. Even in static applications tunability is useful to 
compensate fabrication variations. 
[0006] Fig. 1 schematically illustrates a conventional 
tunable optical all-pass filter comprising An optical 
waveguide 10 coupled to a co-planar ring resonator 11 
by two couplers 12A and 12B. The segment of 
waveguide 10 between the couplers and the adjacent 
portion of the resonator 11 form a Mach Zehnder inter- 
ferometer 13. A first phase-shifter 15 in the waveguide 
and a second phase-shifter 16 in the resonator can be 
used to tune the filter. 

[0007] In operation, a light pulse traveling in the 
waveguide 10 couples in part to the resonator 11 . After 
transit around the resonator the light couples back to the 
waveguide. Interference between the light from the res- 



onator and light transmitted on the waveguide produces 
a frequency dependent time delay that compensates 
dispersion. The response of the device is periodic in fre- 
quency, and the period is called the free spectral range 
(FSR). 

[0008] The performance of the device depends on the 
resonator optical path length and the strength of cou- 
pling between the resonator and the waveguide. The 
resonator pathlength determines the FSR of the device, 
and the coupling strength determines the maximum 
group delay and the bandwidth of the delay. 
[0009] Control over the phase-shifters 15,16 permits 
tuning. These phase-shifters are typically localized 
heaters which change the refractive index of the under- 
lying material. Control over phase-shifter 16 permits tun- 
ing of the resonator pathlength and hence the FSR. 
Control over phase-shifter 15 permits tuning of the 
phase difference between the waveguide arm and the 
resonator arm of the MZI. This tuning in turn, changes 
the coupling strength and thereby tunes the group delay 
and bandwidth. 

[001 0] These tunable filters work well for many appli- 
cations, but with the demand for increasing bandwidth, 
smaller devices are required. But as the dimensions of 
the device become smaller, it becomes increasingly dif- 
ficult to thermally isolate the waveguide and the resona- 
tor so that they may be independently tuned. According- 
ly there is a need for a new architecture in tunable all- 
pass filters. 

SUMMARY OF THE INVENTION 

[0011] In accordance with the invention, a tunable op- 
tical all-pass filter comprises a substrate-supported mul- 
tilayer waveguiding structure comprising a first layer in- 
cluding a waveguiding optical ring resonator, a second 
layer for spacing, and a third layer including a curved 
waveguide. The curved waveguide is optically coupled 
to the resonator by two spaced apart optical couplers 
extending through the spacing layer, and tunability is 
provided by a first phase-shifter to control the optical 
pathlength of the resonator and a second phase-shifter 
operative on the waveguide to control the strength of 
effective coupling between the input/output waveguide 
and the resonator. In one embodiment, the waveguide 
and the resonator are horizontally spaced apart in the 
non-coupling regions to provide optical isolation. In an- 
other, the waveguide and resonator can overlap hori- 
zontally, but the spacer layer is thicker in the non-cou- 
pling regions to provide optical isolation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[001 2] The advantages, nature and various additional 
features of the invention will appear more fully upon con- 
sideration of the illustrative embodiments now to be de- 
scribed in detail in connection with the accompanying 
drawings. In the drawings: 
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Fig. 1 is a schematic top view of a conventional tun- 
able all-pass optical filter; 

Figs. 2A and 2B are schematic top and cross sec- 
tional views of an all-pass filter in accordance with 
a first embodiment of the invention; and 

Figs. 3A and 3B are top and cross sectional views 
of a second embodiment. 

[0013] It is to be understood that these drawings are 
for illustrating the concepts of the invention and are not 
to scale. 

DETAILED DESCRIPTION 

[0014] Referring to the drawings, Fig. 1 illustrating a 
conventional tunable all-pass filter was discussed in the 
Background of the Invention. 

[0015] Figs. 2A and 2B are top and cross sectional 
views, respectively, of a first embodiment of an all-pass 
filter 20 formed on a substrate 21 . The filter 20 compris- 
es a first layer 22 including a waveguiding optical ring 
resonator 23, a second layer 24 for spacing, and a third 
layer 25 including a waveguide 26 curving in substantial 
conformity to a portion of resonator 23. The waveguide 
26 is optically coupled to the resonator 23 vertically 
through spacer layer 24 at the coupling regions 27 A and 
27B where the waveguide and resonator overlap. The 
waveguide 26 is curved so that the segment of 
waveguide 26 between the couplers 27 A and 27B has 
substantially the same pathlength as the segment of the 
resonator between the couplers. In the regions away 
from the coupling regions, the waveguide 26 and the 
resonator 23 are horizontally spaced apart (i.e. do not 
overlap) by a sufficient distance that they are optically 
isolated in these non-coupling regions. The cross sec- 
tion in Fig. 2A is taken across the line A - A', and shows 
the waveguide (core) 26 overlying the resonator (core) 
23 across the spacing layer 24 in the coupling region 
27A. 

[0016] The waveguide 26 is provided with a first 
phase-shifter 28 in the segment between 27A and 27B. 
The resonator 23 is provided with a second phase-shift- 
er 29 in the region downstream of 27B. It is contemplat- 
ed that phase-shifters 28 and 29 can be local heaters. 
If so, the material of the layer 25 can have a large tem- 
perature dependence compared with the temperature 
dependence of layer 22. For example, layer 22 can be 
silica and layer 25 can be a polymer. In this way, heat 
used to tune waveguide 26 will have minimal effect on 
resonator 23. 

[0017] The substrate 21 can be silicon, the first (clad- 
ding) layer, 22 can be silica with the resonator (core) 23 
formed of a higher index phosphous-doped (P-doped) 
or Ge-doped silica. The spacer layer can be silica having 
a thickness in the range 0 - 0.5 u.m. The third (cladding) 
layer 25 can be polymer such as a mixture of halogen- 



ated acrylates having a refractive index with a large tem- 
perature dependence as compared with that of layer 22. 
The waveguide core 26 in layer 25 can be formed by 
locally changing the mixture of halogenated acrylates to 

5 increase the refractive index over the cladding layer. In 
the coupling regions 27A and 27B, the resonator and 
waveguide horizontally coincide. In the non-coupling re- 
gion beween 27A and 27B, they are spaced apart by a 
distance sufficient to prevent coupling (typically an 

10 edge-to-edge spacing of more than 5 \im). 

[0018] Figs. 3A and 3B are top and cross sectional 
views of a second embodiment of an all-pass filter sim- 
ilar to that of Fig. 2 except that spacer layer 24 is a thick 
layer capable of optically isolating the waveguide from 

15 the resonator except in the coupling regions 27A and 
27B where the layer 24 is thinned to permit coupling. A 
resulting coupling region (27A) is shown in Fig. 3B, 
which is a cross section along the line B - B\ With this 
arrangement the waveguide 26 can overlap the resona- 

20 tor even in the non-coupling region between 27A and 
27B. 

[001 9] It is to be understood that the above-described 
embodiments are illustrative of only a few of the many 
possible specific embodiments which can represent ap- 
25 plications of the principles of the invention. Numerous 
and varied other arrangements can be readily devised 
by those skilled in the art without departing from the 
scope of the invention. 



l-pass filter comprising: 



said substrate including a 
I ring resonator; 



a third layer including a curved waveguide; 

the curved waveguide optically coupled to the 
45 optical ring resonator through the second layer 

by at least two optical couplers; 

a first phase shifter for adjusting the optical 
pathlengths of the ring resonator; and 

so 

a second phase shifter for adjusting the path 
length of the waveguide between the two opti- 
cal couplers. 

55 2. The all-pass filter of claim 1 wherein the second lay- 
er is of uniform thickness and the curved waveguide 
is offset from the resonator in the regions outside 
the couplers to provide optical isolation between the 
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waveguide and the resonator. 

The all-pass filter of claim 1 wherein the second lay- 
er in the regions outside the coupler is sufficiently 
thick to provide optical isolation between the 5 
waveguide and the resonator. 
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